Over the past 2 decades, there has been increasing interest in discovering novel therapeutic agents for reducing residual risk among patients with acute coronary syndromes (ACS), including ST-segment elevation myocardial infarction (STEMI), non--ST-segment myocardial infarction (NSTEMI), and unstable angina. Each year, roughly 1.1 million patients are hospitalized with an ACS event in the United States [@bib1]. Although the overall incidence of ACS appears to be declining, the direct and indirect costs associated with treating patients with ACS and its downstream sequelae, including congestive heart failure and repeat revascularization, remain a medical and economic burden [@bib2], [@bib3], [@bib4].

Atherosclerotic disease leading to an ACS event is a complex process of atheroma formation and eventual plaque rupture. The 30-day rate of recurrent events post-ACS is estimated to be around 2% [@bib5], [@bib6]. High-sensitivity C-reactive protein (hsCRP) (a marker of inflammation), can be elevated for several months after an ACS event, and is a marker of risk for subsequent development of heart failure and increased mortality [@bib7]. These observations led to a focus on inflammatory pathways as participants in the formation, proliferation, and rupture of atherosclerotic plaques [@bib8]. The intersection of ACS pathobiology, inflammation, and high rates of recurrent events post-ACS has generated interest in development of therapeutics that target inflammatory pathways to mitigate the development of post-ACS complications.

In this review, we examine the fate of work over the past decade to develop therapeutics that target various inflammatory pathways and their components ([Central Illustration](#undfig2){ref-type="fig"}). We will focus on therapeutic agents directed at the complement pathway and cleavage of C5, secretory phospholipase A~2~ (sPLA2), lipoprotein-associated phospholipase A~2~ (Lp-PLA~2~), interleukin-1, and the mitogen-activated protein kinase (MAPK) signaling cascades ([Table 1](#tbl1){ref-type="table"}). We examine their development from animal models and other preclinical investigations through early and late-phase randomized clinical trials that tested the experimental drugs in ACS patients. We then offer potential explanations for why work targeting these inflammatory components and pathways in ACS has not translated into therapeutic successes and describe current, promising novel therapies that are still under investigation.Central IllustrationMechanisms of Anti-Inflammatory Agents in ACSACS = acute coronary syndromes; IL = interleukin; Lp-PLA~2~ = lipoprotein-associated phospholipase A~2~; MAPK = mitogen-activated protein kinase; PSGL-1 = P-selectin glycoprotein ligand-1; sPLA2 = secretory phospholipase A2; TNF = tumor necrosis factor.Table 1Inflammatory Targets With Mechanisms of Action and Pertinent StudiesInflammatory TargetMechanismAtherosclerotic Cardiovascular DiseaseOther Clinical ConditionsTherapeutic AgentPertinent StudiesTherapeutic AgentIndication/Pertinent StudiesC5, complement cascadeSingle-chain fragment of a humanized monoclonal antibody that binds to C5 preventing cleavage to C5a and C5b-9PexelizumabPhase 2: CARDINAL Program (COMPLY [@bib15] and COMMA [@bib16] in STEMI)\
Phase 3: APEX AMI (STEMI) [@bib20], PRIMO-CABG 1 (CABG) [@bib25], PRIMO-CABG II (CABG) [@bib27]EculizumabAtypical hemolytic uremic syndrome [@bib99], pregnant patients with paroxysmal nocturnal hemoglobinuria [@bib100], macular degeneration [@bib101]sPLA2Nonspecific inhibitor of sPLA2 activityVarespladibPhase 2: FRANCIS (ACS) [@bib37]\
Phase 3: VISTA-16 (ACS) [@bib39]Lp-PLA~2~Direct selective inhibitor of Lp-PLA~2~DarapladibChronic Stable Angina: STABILITY (stable CAD) [@bib48]\
ACS: SOLID-TIMI (STEMI or NSTEMI) 52 [@bib49]RilapladibPlatelet aggregation inhibition [@bib102]IL-1βHuman monoclonal antibody targeted at IL-1βCanakinumabPhase 2 (patients with high cardiovascular risk) [@bib61]\
Phase 3: CANTOS (post-ACS)Anakinra (IL1-RA)Recurrent pericarditis [@bib103]\
Rheumatoid arthritis [@bib104]\
Severe hidradenitis suppurativa [@bib105]P-selectinHighly specific P-selectin human recombinant monoclonal antibodyInclacumabPhase 2 (NSTEMI, CABG) [@bib69], [@bib72]CrizanlizumabSickle cell pain [@bib106]P38 MAPK signaling cascadeselective inhibitor of the p38 MAPK signaling cascadeLosmapimodPhase 1b: (NSTEMI) [@bib85]\
Phase 3: (acute MI) [@bib86]DoramapimodActive Crohn's disease [@bib107][^1]

Case Studies of Anti-Inflammatory Agents for Cardiovascular Disease {#sec1}
===================================================================

Pexelizumab {#sec1.1}
-----------

Pexelizumab was an early example of an anti-inflammatory therapy for ACS, targeting the C5 component of the complement cascade. Cleavage of the C5 component of the complement pathway results in formation of C5a and C5b-9, the membrane attack complex [@bib9]. C5a is proinflammatory, and the membrane attack complex is associated with activation of endothelial cells and leukocytes. Pexelizumab is a single-chain fragment of a humanized monoclonal antibody that binds to C5 with high affinity, preventing its cleavage. Early in vitro and human studies suggested that myocardial cell necrosis during an ACS event triggered the release of subcellular membrane constituents, which resulted in the activation of the complement system [@bib10]. For example, in a rabbit model of ischemia induced by ligature to a large marginal branch of the circumflex artery, there was accumulation of the membrane attack complex (C5b-C9) in infarcted myocardium, and rapid activation of the complement pathway occurred during reperfusion [@bib11]. One group of rabbits (n = 17) underwent circumflex coronary occlusion for variable time periods (from 0.5 to 29 h) without subsequent reperfusion, whereas the other group (n = 23) underwent coronary occlusion (from 0.5 to 6 h) with subsequent reperfusion. Although C5b-C9 was detected in the infarcted myocardium 5 to 6 h after occlusion without reperfusion, it was detected much earlier (at 30 min) in the group that underwent reperfusion, suggesting that the presence of reperfusion rapidly activates the complement pathway.

In addition to the association of complement activation with infarction and reperfusion injury, in a rat model of myocardial infarction (MI) and reperfusion, infusion of monoclonal antibodies against the rat C5 component prior to ligating the left anterior descending artery for 30 min, followed by reperfusion, significantly reduced left ventricular polymorphonuclear leukocyte infiltration, apoptosis and necrosis, and overall infarct size [@bib12]. In another study of myocardial ischemia and reperfusion injury in rats, injection of C5 short hairpin ribonucleic acid 2 days before induction of ischemia inhibited C5 expression, significantly decreased the level of troponin T, and reduced the infarct size by 40% [@bib13]. Additionally, in a pig model, infusion of a monoclonal antibody to C5a (at the time of onset of ischemia) followed by 50 min of occlusion of the left anterior descending artery using an occluder catheter and 3 h of reperfusion resulted in significant reduction in infarct size and reperfusion injury [@bib14].

Based on these promising animal data and other early studies, a phase 2 program was launched. The CARDINAL (Complement And ReDuction of INfarct size after Angioplasty or Lytics) phase 2 program included 2 phase 2, parallel group, double-blind, placebo-controlled trials of pexelizumab in STEMI patients. These trials tested the effect of pexelizumab (bolus plus infusion administered \<6 h after symptom onset) on infarct size (creatine kinase--MB area under the curve at 72 h) and clinical composite outcomes after fibrinolytic reperfusion therapy in the COMPLY (COMPlement inhibition in myocardial infarction treated with thromboLYtics) trial [@bib15] or primary percutaneous coronary intervention (PCI) in the COMMA (COMplement inhibition in Myocardial infarction treated with Angioplasty) trial [@bib16]. The COMPLY investigators found no difference in infarct size or 90-day composite clinical outcomes for pexelizumab versus placebo among STEMI patients who received fibrinolytic therapy. Similarly, in the COMMA trial, among STEMI patients treated with primary PCI, there was no difference in infarct size or the 90-day primary composite of death, heart failure, shock, or stroke between patients treated with placebo versus pexelizumab. However, 90-day mortality was significantly lower among patients who received pexelizumab compared with placebo (1.8% vs. 5.9%; p = 0.014) ([Figure 1](#fig1){ref-type="fig"}). Interestingly, this mortality benefit was independent of infarct size, evidence of angiographic or electrocardiographic reperfusion, and extent of ST-segment elevation [@bib17]. In addition, the composite of worsening heart failure, shock, and disabling stroke was less frequent among patients treated with pexelizumab (8.5%) versus placebo (11.1%) (relative risk: 0.77; 95% confidence interval \[CI\]: 0.46 to 1.29). The COMMA investigators hypothesized that an undetected pathway, potentially related to reduced apoptosis, inflammatory cytokines, inducible nitric oxide synthase, and/or remodeling, could potentially explain the mortality benefit and lower rate of cardiogenic shock without a demonstrable reduction in infarct size [@bib12], [@bib18], [@bib19].Figure 16-Month Kaplan-Meier Curves for Mortality by Randomized Treatment Assignment (COMMA, Phase 2)COMMA = COMplement inhibition in Myocardial infarction treated with Angioplasty.Reproduced with permission from Granger et al. [@bib16].

Based on the favorable effects of pexelizumab on mortality among patients with STEMI undergoing primary PCI in the COMMA trial, a phase 3 trial, APEX AMI (Assessment of Pexelizumab in Acute Myocardial Infarction), was undertaken. APEX AMI randomized patients with STEMI = undergoing primary PCI \<6 h after symptom onset to either placebo or pexelizumab (bolus administered before PCI, and infusion administered over the subsequent 24 h) [@bib20]. Despite the mortality benefit observed with pexelizumab treatment in the COMMA trial, there was no 30- or 90-day mortality benefit observed in the pexelizumab group compared with placebo in APEX AMI ([Figure 2](#fig2){ref-type="fig"}).Figure 230-Day Mortality and Composite of Death, Shock, or CHF by Treatment With Pexelizumab Versus Placebo (APEX-AMI, Phase 3)**(A)** 30-day mortality; **(B)** composite of death, shock, or CHF. APEX AMI = Assessment of Pexelizumab in Acute Myocardial Infarction; CHF = congestive heart failure; CI = confidence interval; HR = hazard ratio.Modified with permission from Armstrong et al. [@bib20].

Pexelizumab was also explored as a treatment to reduce post--coronary artery bypass graft (CABG) complications. Among patients undergoing cardiopulmonary bypass for CABG surgery, an inflammatory response involving activation of the complement system has been described [@bib21]. Preclinical studies demonstrated that the interaction of blood with bioincompatible surfaces of the extracorporeal circuit, as well as ischemia and reperfusion while on cardiopulmonary bypass, activated the alternative complement pathway, including C3a and C5a, and various cytokine pathways [@bib22], [@bib23], [@bib24]. The PRIMO-CABG I (Pexelizumab for Reduction of Infarction and Mortality in Coronary Artery Bypass Graft Surgery I) trial, a phase 3, double-blind, placebo-controlled study, examined the outcomes of 3,099 CABG patients randomized to pexelizumab versus placebo [@bib25]. To be enrolled in PRIMO-CABG I, patients had to have 1 or more pre-defined risk factors, including female sex, recent or multiple MIs, urgent surgery, previous CABG surgery, a history of diabetes mellitus, and advanced age. The pexelizumab group had significantly lower 30-day death or MI (11.5%) than the placebo group (14.0%) (p = 0.030). A post-hoc analysis of PRIMO-CABG I demonstrated that pexelizumab significantly reduced the composite endpoint (death or MI through post-operative day 30) by 28% among patients with 2 or more risk factors (p = 0.004) and by 44% among patients with 3 or more risk factors (p \< 0.001) [@bib26].

As a result of the post-hoc analysis of the PRIMO-CABG I study, another phase 3 trial, PRIMO-CABG II, was designed to determine the effectiveness of pexelizumab in higher-risk CABG patients with or without valve surgery. PRIMO-CABG II was a randomized, double-blind, placebo-controlled trial of 4,254 patients undergoing CABG with or without concomitant valve surgery who had 2 or more pre-operative risk factors. The primary endpoint was MI or death through 30 days post-CABG [@bib27]. Randomization was stratified by type of surgery planned, and the bolus of pexelizumab was administered as soon as possible after induction of anesthesia. Despite the findings in the high-risk subset analysis from PRIMO-CABG I, there was no difference in death or MI at 30 days between the pexelizumab and placebo groups. When data from both PRIMO-CABG I and II were combined, the highest-risk subset of patients (2% or more predicted mortality using the Society of Thoracic Surgeons mortality model) had a significantly lower 30-day rate of death with pexelizumab treatment (5.7%) compared with placebo (8.1%) (p = 0.024).

A subsequent meta-analysis of all 7 randomized clinical trials of pexelizumab, which included over 15,000 patients with ischemic heart disease (7,019 with STEMI and 8,177 undergoing CABG surgery), showed no benefit of pexelizumab in STEMI [@bib28]. However, in the CABG subpopulation, there was a 26% reduction in mortality among patients treated with pexelizumab compared with placebo. Despite this, given the overall weak effect of pexelizumab compared with placebo, Alexion, the developer of pexelizumab, discontinued further investigations and development of the drug.

Varespladib {#sec1.2}
-----------

Within the phospholipase family, sPLA2 is 1 of the enzymes most closely associated with increased risk for cardiovascular disease [@bib29]. sPLA2 is present in human atherosclerotic lesions, and hydrolysis of low density lipoprotein cholesterol (LDL-C) by sPLA2 results in a particle that contributes to lipid accumulation in human macrophages [@bib30]. Hydrolysis of lipoprotein phospholipid by sPLA2 produces free fatty acids that stimulate oxidative stress and inflammation of the arterial walls [@bib31]. Moreover, the interaction of LDL-C and sPLA2 results in smaller LDL-C particles taken up by macrophages, which may serve to form foam cells [@bib30]. sPLA2 also interacts with tumor necrosis factor alpha (TNF-α) receptor signaling in atherogenesis [@bib32]. Based on these laboratory observations of the roles of sPLA2 in the inflammatory milieu of atherosclerosis, sPLA2 was an attractive therapeutic target to improve cardiovascular outcomes.

In addition to the increasing understanding of the potential roles sPLA2 plays in atherosclerotic disease and atherogenesis, clinical investigation of sPLA2 also supported its role as an inflammatory and prognostic marker among patients with stable and unstable coronary artery disease (CAD). In a study of patients undergoing coronary angiography alone or PCI if significant CAD was present, significantly elevated sPLA2 levels were observed among patients immediately after undergoing PCI, but not among patients who had undergone coronary angiography alone [@bib33]. Further, elevation of sPLA2 after PCI was an independent predictor of recurrent cardiovascular events 2 years after intervention. In a small study of patients with unstable angina, elevated levels of sPLA2 were highly predictive of recurrent cardiovascular events and recurrent revascularization [@bib34]. Highly elevated baseline sPLA2 levels drawn from patients with NSTEMI and patients with STEMI also strongly predicted risk of recurrent cardiovascular events and death [@bib35].

Given the mounting evidence for sPLA2 in the pathogenesis of atherosclerotic disease, varespladib methyl, a nonspecific inhibitor of sPLA2 activity, was developed as a potential target to attenuate sPLA2 activity. Among stable CAD patients, varespladib significantly reduced sPLA2 levels in a dose-dependent manner [@bib36]. In a phase 2 randomized controlled trial in 625 ACS patients, varespladib (500 mg daily) and atorvastatin (80 mg) significantly reduced LDL-C, hsCRP, and sPLA2 levels at 8 and 24 weeks after the ACS event compared with placebo and atorvastatin [@bib37]. There were no differences in rates of major adverse cardiovascular events between treatment groups. The PLASMA II (Phospholipase Levels and Serological Markers of Atherosclerosis II) trial of 135 stable CAD patients also demonstrated that daily varespladib (500 mg) significantly reduced LDL-C, non--high-density lipoprotein cholesterol (HDL-C), and very low-density lipoprotein cholesterol concentrations compared with placebo [@bib38].

Based on these favorable effects on intermediate endpoints in phase 2 testing, the VISTA-16 (Vascular Inflammation Suppression to Treat Acute Coronary Syndrome for 16 weeks) trial examined the efficacy of varespladib versus placebo on post-ACS outcomes in 5,145 ACS patients [@bib39]. In a striking failure to translate, despite lowering levels of LDL-C and hsCRP, daily treatment with varespladib (500 mg) for 4 months after an ACS event was associated with higher rates of the composite primary outcome (cardiovascular mortality, nonfatal MI, nonfatal stroke, or unstable angina requiring hospitalization) ([Figure 3](#fig3){ref-type="fig"}). The trial was terminated early for potential harm.Figure 3Kaplan-Meier Survival Curves for the Primary Composite Outcome in Patients Treated With Placebo Versus Varespladib (VISTA-16, Phase 3)VISTA-16 = Vascular Inflammation Suppression to Treat Acute Coronary Syndrome for 16 weeks; other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.Modified with permission from Nicholls et al. [@bib39].

Darapladib {#sec1.3}
----------

Lipoprotein-associated phospholipase A~2~ (Lp-PLA~2~), another member of the phospholipase family, is also implicated for its potential role in the progression of atherosclerotic disease. Lp-PLA~2~ activity produces oxidized nonesterified fatty acid molecules that can be pro-inflammatory [@bib40]. Further, it is bound to apolipoprotein B--containing lipoproteins, and is highly expressed in the necrotic cores and nearby macrophages of thin-cap fibroatheromas and ruptured plaques [@bib41]. Concentrations of Lp-PLA~2~ are higher in unstable and ruptured atherosclerotic plaques than stable plaques [@bib42]. Deficiency of Lp-PLA~2~ activity is associated with lower risk for developing CAD [@bib43], and higher levels of Lp-PLA~2~ are associated with increased risk of coronary events among elderly patients and patients with stable coronary disease [@bib44], [@bib45]. Based on these observations, therapies to inhibit Lp-PLA2 in patients with stable coronary disease and ACS were developed.

Darapladib, a direct selective inhibitor of Lp-PLA~2~, is 1 such compound that inhibits Lp-PLA~2~ activity by 59% [@bib46]. In an early swine model of atherosclerosis using domestic pigs given streptozotocin and a hyperlipidemic diet to induce diabetes and hyperlipidemia, darapladib inhibited the development of atherosclerotic lesions and reduced the levels of Lp-PLA~2~, macrophage content, and the necrotic core area in plaques [@bib47]. The IBIS-2 (Integrated Biomarker and Imaging Study 2) was an early clinical study of the effects of 12 months of darapladib treatment on coronary atheroma deformability, necrotic core volume, and C-reactive protein (CRP) levels [@bib46]. Although there was no significant difference between the darapladib-treated and placebo group with regard to the primary outcome, atheroma deformability, there was a significant decrease in necrotic core volume in the darapladib group (−0.5 ± 13.9 mm^3^; p = 0.71). These early studies led to phase 3 testing of darapladib in both chronic stable CAD and ACS.

In the STABILITY (Stabilization of Atherosclerotic Plaque by Initiation of Darapladib Therapy) trial, 15,828 patients with chronic stable coronary disease were randomized to once daily darapladib (160 mg) or placebo. The primary endpoint was a composite of death, MI, or stroke. Compared with placebo, there was no difference in rates of the composite endpoint, all-cause mortality, or the individual components of the primary composite endpoint [@bib48]. The SOLID-TIMI 52 (Stabilization of pLaques usIng Darapladib-Thrombolysis In Myocardial Infarction 52) trial randomized over 13,000 patients within 30 days of either NSTEMI or STEMI to darapladib (160 mg) or placebo [@bib49]. As in the STABILITY trial in stable coronary disease, there was no difference in the primary composite endpoint (coronary heart disease death, MI, or urgent revascularization) ([Figure 4](#fig4){ref-type="fig"}) or in any of the individual components of the primary endpoint.Figure 4Cumulative Incidence Curves for CHD Death, MI, or Urgent Coronary Revascularization for Myocardial Ischemia for Treatment With Darapladib Versus Placebo (SOLID-TIMI 52, Phase 3)CHD = coronary heart disease; MI = myocardial infarction; SOLID-TIMI 52 = Stabilization of pLaques usIng Darapladib-Thrombolysis In Myocardial Infarction 52; other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.Reproduced with permission from O'Donoghue et al. [@bib49].

In a substudy from the STABILITY trial, baseline levels of Lp-PLA~2~ activity were associated with composite cardiovascular events, rehospitalization for heart failure, and cardiovascular and all-cause mortality [@bib50]. However, although treatment with darapladib led to a persistent 65% reduction in Lp-PLA~2~ activity among patients treated with darapladib compared with placebo, there was no association between suppressed Lp-PLA~2~ activity and outcomes. Thus, Lp-PLA~2~ is a biomarker of risk for acute cardiovascular events and mortality, but has no role as a therapeutic target to improve cardiovascular outcomes.

Canakinumab {#sec1.4}
-----------

Since the 1980s, interleukin(IL)-1 has been implicated in induction of procoagulant activity and adhesion of monocytes and leukocytes to human vascular endothelial cells [@bib51], [@bib52]. IL-1β and -1Ra, 2 of the 3 proteins encoded by IL-1, were detected in human atherosclerotic lesions, and dysregulation in IL-1Ra and IL-1β with subsequent imbalance in proinflammatory and anti-inflammatory cytokines has been hypothesized to promote atherosclerotic disease [@bib51], [@bib53], [@bib54]. In clinical studies, patients with unstable angina had significantly higher levels of IL-1Ra than patients with stable coronary disease, and elevated IL-1Ra levels preceded elevations in troponin and creatinine kinase in patients with STEMI [@bib55]. IL-1β has been detected in the luminal endothelium and macrophages of atherosclerotic lesions, but not in normal coronary arteries [@bib56]. In addition to cardiovascular disease, IL-1 and IL-1Ra activity is associated with a host of other inflammatory conditions, including type II diabetes, inflammatory bowel disease, and gout [@bib57], [@bib58], [@bib59].

Canakinumab is a human monoclonal antibody targeted at IL-1β. It was used in rheumatoid arthritis and type II diabetes to suppress interaction of IL-1β with its receptors, resulting in a sustained and rapid suppression of IL-1β, and subsequent reductions in hsCRP and IL-6 [@bib51]. Using a mouse model of MI due to left anterior descending coronary artery ligation, a genetically engineered mouse antibody that binds to IL-1β with high affinity was administered at the time of surgical ligation (0.05 mg/kg dose vs. 0.5 mg/kg dose vs. 5 mg/kg dose vs. placebo) [@bib60]. Transthoracic echocardiograms at 7, 14, and 28 days after administration of the antibody revealed significantly less increase in left ventricular end-diastolic dimension and left ventricular end-systolic dimension at 4 weeks in the 2 higher-dose groups. A phase 2b trial of canakinumab in 556 patients with type II diabetes and high cardiovascular risk demonstrated significantly reduced levels of hsCRP, IL-6, and fibrinogen among patients who received monthly injections of canakinumab for 4 months compared with placebo [@bib61]. There was no effect of canakinumab on LDL-C, HDL-C, or non--HDL-C levels between groups. Currently, the CANTOS (Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) is randomizing post-ACS patients to canakinumab versus standard post-ACS medical therapy with a primary composite endpoint of nonfatal MI, nonfatal stroke, or cardiovascular death.

Inclacumab {#sec1.5}
----------

P-selectin is a cell adhesion molecule that plays a critical role in leukocyte tethering and platelet rolling and adhesion on an activated vessel wall [@bib62]. Expression of P-selectin results in leukocyte recruitment and thrombus formation and growth. P-selectin works to mediate leukocyte, platelet, and endothelial interactions through the binding of P-selectin to the P-selectin glycoprotein ligand (PSGL)-1 located on the surface of leukocytes. In humans, higher levels of P-selectin were found among patients with unstable angina compared with patients with stable angina [@bib63], and higher levels of P-selectin were associated with increased rates of cardiovascular mortality and sudden cardiac death in male dialysis patients [@bib64]. Thus, inhibition of P-selectin or PSGL-1 has the potential to reduce platelet adhesion, macrophage infiltration, and the development of atherosclerotic lesions [@bib65], [@bib66].

Animal models using atherosclerosis-prone apolipoprotein E knockout mice demonstrated that a single injection of either an anti--P-selectin monoclonal antibody or an anti--PSGL-1 monoclonal antibody significantly inhibited neointimal formation and macrophage content in the arterial wall when given 3 h before carotid artery wire injury [@bib67]. In a pig model of balloon-mediated injury to the left anterior descending and right coronary arteries, administration of a recombinant immunoglobulin to PSGL-1 15 min before balloon injury significantly reduced neointimal hyperplasia and levels of TNF-α, IL-1β, and macrophages at the site of the balloon injury compared with placebo [@bib68]. Further, in a porcine model of balloon injury and stent placement recombinant PSGL-1 was effective at reducing platelet-leukocyte reactions and rates of in-stent restenosis [@bib69]. Pigs underwent angioplasty injury to their coronary arteries, and 2 weeks later had stents implanted at the sites of injury 15 min after administration of recombinant PSGL-1 versus placebo. Pigs treated with recombinant PSGL-1 had 3-fold larger residual lumen 4 weeks later. Additionally, in a mouse model of P-selectin activity, P-selectin knockout mice demonstrated inhibited migration of smooth muscle cells into the atherosclerotic lesion compared with wild-type mice [@bib70].

Given the promising results for P-selectin inhibition in animal models of vascular injury, inclacumab was developed as a highly specific human recombinant monoclonal antibody against P-selectin. In the phase 2 SELECT-ACS (Effects of the P-Selectin Antagonist Inclacumab on Myocardial Damage after Percutaneous Coronary Intervention for Non-ST-Elevation Myocardial Infarction) trial, 544 patients with NSTEMI who were scheduled to undergo coronary angiography were randomized to an infusion of placebo, a 5-mg/kg inclacumab infusion, or a 20-mg/kg inclacumab infusion, between 1 and 24 h before PCI [@bib71]. The primary endpoint was change in troponin I level from baseline at 16 and 24 h. There was no significant difference in change in placebo-adjusted geometric mean percent change in troponin I levels at 16 and 24 h from baseline in the group who received the 5-mg/kg inclacumab infusion compared with placebo. However, in the group that received the 20-mg/kg inclacumab infusion compared with placebo, there was a significant difference in placebo-adjusted geometric mean percent change in troponin I levels at 24 h (decrease by 23.8%; p = 0.05) but not at 16 h (decrease by 22.4%; p = 0.07). The dose-dependent effect of inclacumab on infarct size as assessed by change in troponin I levels at 24 h in SELECT-NSTEMI suggested that inhibition of P-selectin with inclacumab could be a viable treatment for patients with NSTEMI. Ultimately, a large phase 3 trial will be needed to determine if the use of inclacumab in patients with NSTEMI translates into an actual improvement in clinical outcomes, including rates of post-MI heart failure and mortality.

Based on several preclinical studies, inclacumab has also been studied in patients undergoing CABG. Failure of saphenous vein grafts (SVGs) remains an ongoing concern for patients undergoing CABG and is believed to be mediated by the binding of PSGL-1 to platelet P-selectin and platelet-leukocyte interactions. SELECT-CABG (Effects of the P-selectin Antagonist Inclacumab in Patients Undergoing Coronary Artery Bypass Graft Surgery) was a phase 2 trial of inclacumab for SVG preservation. In this trial, 384 patients undergoing CABG (with placement of at least 1 SVG) were randomized to receive a 20-mg/kg infusion of inclacumab or placebo (starting between 4 h and 6 weeks before CABG) and continuing at 4-week intervals for 32 weeks [@bib72]. At the conclusion of treatment, there was no significant difference in the per-protocol population in the percentage of patients with ≥1 SVG with a diameter stenosis \>50% (26.4% placebo group vs. 22.3% inclacumab group; adjusted odds ratio: 0.80; 95% CI: 0.47 to 1.38; p = 0.43). Similarly, there was no significant difference in the percentage of patients with ≥1 SVG with a diameter stenosis \>50% in the intention-to-treat population at 1 year. The results of the SELECT-CABG trial demonstrated little practical use for inclacumab in the post-CABG population, despite promising results in animal models of arterial injury, pre-clinical studies, and SELECT-ACS.

Losmapimod {#sec1.6}
----------

The intracellular MAPK signaling cascades have been investigated for their potential role in the pathogenesis of atherosclerotic disease. The p38 MAPK family is a part of the group of stress-activated kinases that transduce extracellular signals that allow for cellular adaptation [@bib73]. However, after atherosclerotic plaque rupture, ischemia, or vascular injury, the p38 MAPKs are activated in endothelial cells, myocardium, and macrophages; regulate the transcription and translation of inflammatory molecules, such as TNF-α and interleukins 1, 6, and 8; and aid in the formation of reactive oxygen species [@bib5], [@bib73], [@bib74], [@bib75]. Among patients with advanced heart failure and ischemic cardiomyopathy, p38 MAPK activation has been associated with fibrosis, apoptosis, and hypertrophy, which have been linked to cardiac remodeling [@bib76].

Losmapimod is a selective inhibitor of the p38 MAPK signaling cascade, developed by GlaxoSmithKline (Brentford, United Kingdom). Various preclinical studies supported the investigation of losmapimod and p38 MAPK signaling in ACS. In a model of p38 MAPK activation, rabbit hearts were excised and mounted on a Langendorff perfusion apparatus, with exposure to 30 min of global ischemia, with either 60 (to test p38 MAPK levels) or 120 min (for myocardial necrosis) of reperfusion time [@bib77]. The hearts were then split into 4 groups: administration of normal saline, administration of p38 MAPK inhibitor 10 min before ischemia and during reperfusion, administration of p38 MAPK inhibitor at the time of reperfusion and throughout, or administration of p38 MAPK inhibitor 10 min after reperfusion began and throughout. Overall, the administration of the p38 MAPK inhibitor resulted in decreased myocardial apoptosis (14.7 ± 3.2% vs. 30.6 ± 3.5% placebo; p \< 0.01). Importantly, administering the inhibitor before ischemia and during reperfusion demonstrated the greatest inhibitory effect on p38 MAPK activity, whereas administration 10 min after reperfusion was not beneficial. Similarly, in a rat model of 30 min of induced coronary artery ischemia, followed by 120 min of reperfusion, the most benefit for reduction of ventricular tachycardia/ventricular fibrillation incidence and preservation of ventricular function was when rats were given a p38 MAPK inhibitor either prior to or at the onset of ischemia [@bib78]. Other animal models have demonstrated slowed atherosclerotic progression, as well as reduction of post-infarction remodeling with use of p38 MAPK inhibitors [@bib79], [@bib80].

Initial human studies of p38 MAPK inhibitors for patients with ACS or receiving PCI established the basis for later randomized controlled clinical outcomes trials. The implantation of a stent during PCI results in cytokine production and inflammation, including elevated CRP levels, thought to be driven by the MAPK cascade [@bib81]. In a small randomized study (n = 92), patients with coronary disease on a statin were given either a selective MAPK inhibitor or placebo daily beginning 3 days before planned PCI and continuing for a total of 28 days [@bib82]. The patients receiving SB-681323 had significantly lower levels of hsCRP on days 5 (37% lower; p = 0.04) and 28 (40% lower; p = 0.003) when compared with placebo. In a study of the effect of losmapimod on vascular inflammation in the carotid arteries and aorta, 99 participants with known atherosclerotic disease on a statin were randomized to receive losmapimod 7.5 mg daily, 7.5 mg twice daily, or placebo [@bib83]. The primary endpoint was the change in baseline in the average tissue-to-background ratio (TBR) of the index vessel (the artery with the highest average maximum TBR at baseline) using FDG positron emission tomography/computed tomography. Although there was no significant difference in the primary endpoint (the change from baseline in average TBR across all segments in the index vessel in either of losmapimod groups vs. placebo), there was a significant reduction in average TBR in active segments of the index artery (losmapimod twice daily vs. placebo: ΔTBR: −0.10 \[95% CI: −0.19 to −0.02\]; p = 0.0125; losmapimod once daily vs. placebo: ΔTBR: −0.10 \[95% CI: −0.18 to −0.02\]; p = 0.0194). Finally, as oxidized LDL activates the p38 MAPK cascade and reduces nitric oxide production, a small study in hypercholesteremic patients (n = 56) examined the effects of losmapimod on compromised nitric oxide vasoregulation [@bib84]. Patients were randomized to losmapimod 7.5 mg twice daily or placebo for 28 days, and then underwent venous occlusion plethysmography of forearm blood flow after serial intra-arterial infusions of acetylcholine, sodium nitroprusside, and N(G)-monomethyl-L-arginine (L-NMMA). Responses to acetylcholine, sodium nitroprusside, and L-NMMA were significantly improved in hypercholesterolemic patients who received losmapimod compared with placebo.

Based on these preclinical studies and the mechanistic studies of losmapimod in humans, the phase 1b SOLSTICE (Study Of LoSmapimod Treatment on Inflammation and infarCt sizE) was performed [@bib85]. SOLSTICE randomized over 500 patients with NSTEMI to treatment for 12 weeks with either losmapimod (either 7.5 or 15 mg loading dose followed by 7.5 mg twice daily) or placebo within 18 h of presenting with an NSTEMI and at least 2 h prior to PCI to examine its mechanistic effects. The coprimary outcomes were inflammation (hsCRP concentration at 12 weeks) and infarct size (area under the curve for troponin I over 72 h or hospital discharge, whichever came first). Other outcomes included hsCRP concentrations at 14 weeks, IL-6 concentrations at 24 h and 12 weeks, infarct size by creatine kinase--MB area under the curve (AUC) and peak troponin I concentration over 72 h or discharge, B-type natriuretic peptide levels at 72 h and 12 weeks, cardiac magnetic resonance imaging infarct size and LVEF (primary substudy endpoint) at 3 to 5 days and 12 weeks, and left ventricular function and ventricular volumes at 3 to 5 days and 12 weeks. Although hsCRP levels were significantly lower in the combined losmapimod arms versus placebo at 72 h (hsCRP: geometric mean 64.1 mmol/l, 95% CI: 53.0 to 76.7 vs. 110.8 mmol/l, 95% CI: 83.1 to 147.7; p = 0.0009), there was no difference in hsCRP levels at 12 weeks. Peak troponin I levels were also similar between the pooled losmapimod arms and placebo. However, markers of improved ventricular function or remodeling suggested potential benefit. For example, BNP levels were similar at 72 h but significantly lower at 12 weeks among losmapimod-treated patients compared with placebo. In a cardiac magnetic resonance imaging substudy (n = 93), left ventricular ejection fraction (LVEF) was significantly lower among losmapimod-treated patients at 3 to 5 days and 12 weeks after NSTEMI presentation. Similarly, left ventricular end-diastolic and end-systolic dimensions were significantly lower at both time points in the losmapimod-treated group. Additionally, although SOLSTICE was not powered for clinical outcomes, there were numerically fewer major adverse cardiac events in the pooled losmapimod group versus placebo (hazard ratio: 0.82; 95% CI: 0.49 to 1.37).

At the completion of the SOLSTICE trial, there was felt to be enough mechanistic evidence on pathways of ventricular remodeling to examine the effect of losmapimod on clinical events in both patients with STEMI and patients with NSTEMI. The LATITUDE-TIMI 60 (Losmapimod to Inhibit p38 MAP Kinase as a Therapeutic Target and Modify Outcomes After an Acute Coronary Syndrome-Thrombolysis In Myocardial Infarction 60) trial was a multinational randomized, placebo-controlled, double-blind, parallel-group phase 3 trial that randomized 3,503 patients to either twice-daily losmapimod (7.5 mg) or placebo for 12 weeks [@bib86]. Participants received the study drug or placebo as early as possible during the hospitalization, but at least before coronary revascularization was performed. Patients were followed for an additional 12 weeks after the end of treatment. Although the losmapimod group had significantly lower levels of hsCRP and N-terminal pro--B-type natriuretic peptide at both 4 and 12 weeks after drug initiation compared with the placebo group, there was no difference in the primary composite endpoint of cardiovascular death, MI, or recurrent ischemia between treatment groups (hazard ratio: 1.16; 95% CI: 0.91 to 1.47; p = 0.24) ([Figure 5](#fig5){ref-type="fig"}).Figure 5Cumulative Incidence Curves for Cardiovascular Death, MI, or Severe Recurrent Ischemia Leading to Urgent Revascularization Through 12 Weeks With Losmapimod Versus Placebo (LATITUDE-TIMI 60, Phase 3)CI = confidence interval; LATITUDE-TIMI 60 = Losmapimod to Inhibit p38 MAP Kinase as a Therapeutic Target and Modify Outcomes After an Acute Coronary Syndrome-Thrombolysis In Myocardial Infarction 60; MI = myocardial infarction.Reproduced with permission from O'Donoghue et al. [@bib86].

Failure of Anti-Inflammatory Therapies in Cardiovascular Disease {#sec2}
================================================================

Surrogate marker versus therapeutic agent {#sec2.1}
-----------------------------------------

Although many inflammatory pathways have been targeted for a blockbuster effect on the pathogenesis of atherosclerosis, the novel therapeutic agents targeting these pathways have consistently failed to demonstrate significant benefit on clinical outcomes. There are several possible explanations for why targeting inflammation has failed to translate to effective therapeutics. First and foremost is the possibility that inflammatory molecules that have been targeted, although clearly correlated with the atherosclerosis and risk for acute coronary events, may be imperfect surrogates for clinical endpoints. Thus, although LP-PLA~2~ is highly expressed in the necrotic cores and nearby macrophages of thin-cap fibroatheromas and ruptured plaques [@bib41] and a deficiency of LP-PLA~2~ has been associated with decreased cardiovascular risk [@bib43], the use of darapladib, an inhibitor of LP-PLA~2~ activity, failed to show benefit on cardiovascular outcomes. Similarly, although the activities of LP-PLA~2,~ C5, sPLA2, and IL-1 are associated with cardiovascular risk and poor cardiovascular outcomes, inhibition of the activity of these molecules does not translate to improved outcomes. One of the classic demonstrations of the importance of distinguishing between a "correlate" and a "surrogate" comes from the work done by David DeMets and Thomas Fleming [@bib87], [@bib88]. They showed that a disease state may influence causally both a biomarker (e.g., increase the level or activity of an inflammatory molecule in atherosclerotic plaque) and the true clinical efficacy endpoint (e.g., occurrence of MI) without the biomarker actually lying in the pathway from disease to clinical endpoint. In this case, a preclinical or mechanistic study might be misleading by suggesting a causal relationship between the biomarker and clinical endpoint when only a correlation exists. Perhaps even more likely, in the case of the inflammatory molecules and pathways we reviewed, there may be multiple and redundant inflammatory pathways that influence the occurrence of clinical endpoints. If the surrogate that is targeted by a novel therapeutic lies in only 1 of these pathways, the others remain active in their influence on the clinical outcome of interest, and the estimation of the effect of the novel treatment could be over or underestimated. It is also possible that the surrogate targeted by a novel therapeutic lies in several pathways. In this case, the novel treatment for the surrogate may differentially affect the pathways: there may be a beneficial effect on 1 pathway, but undesirable or deleterious (and sometimes, unpredicted) consequences on the other pathways ([Figure 6](#fig6){ref-type="fig"}). The end result of each scenario would be a failure to translate, and may suggest that highly specific, targeted therapy to a single molecule may not be the ideal approach to modulating inflammation as a treatment for ischemic heart disease.Figure 6Potential Reasons for Surrogate Endpoint Failure**(A)** The surrogate endpoint is not in the causal pathway of the disease state. **(B)** There are several causal pathways of the disease state, but the intervention only impacts the pathway mediated by the surrogate endpoint. **(C)** There are several causal pathways of the disease state, but the pathway mediated by the surrogate endpoint is not impacted by the intervention. **(D)** The intervention acts on a pathway separate from the disease process.Reproduced with permission from Fleming and DeMets [@bib88].

Medications targeted at 1 pathway or molecule also may have substantial off-target effects. In the case of statins, these may have been beneficial effects on inflammation. Although cited for their LDL-C--lowering properties, statins likely have significant pleiotropic effects that were under-recognized at the time of their development that may explain some of their benefit [@bib89]. Not only do statins lower LDL-C, they improve endothelial dysfunction [@bib90]; reduce oxidized LDL, macrophages, and T cells in atherosclerotic plaques [@bib91]; and reduce levels of adhesion molecules, such as E-selectin, P-selectin, and ICAM-1 [@bib92], [@bib93], as well as C-reactive protein [@bib94]. Direct targeting of any of these pathways individually likely would have been less successful. Conversely, the clinical failure of many of the agents reviewed here may be the result of unanticipated effects on pathways downstream or parallel to those directly targeted.

Translation of work in animal models to humans {#sec2.2}
----------------------------------------------

We have shown several examples of promising anti-inflammatory therapies in animal models of myocardial ischemia, infarction, and reperfusion that did not translate to benefit in phase 3 clinical outcomes trials in humans. This may reflect that animal models of atherosclerosis and acute coronary events do not completely mimic these processes in humans. For example, to simulate ischemia and reperfusion in animal studies, ligation of coronary arteries or balloon occlusion must be performed. The extent to which artificial occlusion and ligation mimics an ischemic event in humans is not completely known. Small-animal models used for investigating interventions to inhibit luminal narrowing after arterial instrumentation have not closely simulated human stenotic lesions and the instrumentation of these lesions [@bib95]. Additional reasons mouse models fail to mimic human experiments were highlighted in a prior compelling review, and include the use of congenic strains with genetic homogeneity and lack of immunological exposures in experimental mice [@bib96]. Continued failure in large clinical trials of promising, new anti-inflammatory drugs that demonstrated efficacy in animal models is also likely contributed to by failure of even large-animal models of atherosclerotic disease to simulate atherosclerotic disease in humans and mechanical induction of ischemia to approximate ischemic and plaque rupture events in humans. Although porcine models of coronary disease most closely mimic human coronary anatomy and the histological characteristics of the proliferative response to deep coronary artery injury [@bib97], pigs are highly prone to vasospasm during mechanical manipulation [@bib98]. Even large-animal models have not been predictive of outcomes in humans when using interventions to alter hemostasis [@bib99], [@bib100]. Additionally, no suitable large-animal model exists of plaque rupture that closely approximates human plaque rupture [@bib95].

Timing of administration of anti-inflammatory drugs {#sec2.3}
---------------------------------------------------

Perhaps 1 of the most compelling explanations for why the anti-inflammatory agents we discussed appeared beneficial in animal models but not in large, clinical outcomes trials is the timing of administration of these anti-inflammatory drugs. It may be that to have their greatest effect on clinical outcomes, these drugs must be present at the site of ischemic injury at the time of the ischemia-reperfusion insult. For example, in animal models of losmapimod treatment in ischemia-reperfusion, the greatest cardioprotective benefit came when the p38 MAPK inhibitor was administered before or at the onset of ischemia, with little to no benefit when administered at the onset of reperfusion [@bib77], [@bib78]. However, the occurrence of acute coronary events in humans does not easily accommodate the administration of agents like losmapimod prior to the occlusion of a coronary artery (as in animal models of coronary ligation). Further, the design and logistics of human studies often do not allow for controlled, early administration at the time of reperfusion. In SOLSTICE, losmapimod could be administered any time within 18 h of presentation with NSTEMI [@bib85]. At 18 h after presentation with NSTEMI, ischemic injury and the resultant inflammatory process is likely well underway, which may explain the discrepancy in results between the preclinical and clinical studies. Similarly, although the recombinant immunoglobulin to PSGL-1 was administered 15 min prior to balloon injury in an animal model [@bib66], the administration of inclacumab occurred periprocedurally in SELECT-ACS [@bib69]. Unfortunately, earlier administration of these novel agents prior to or at the onset of ischemia is impractical in clinical practice.

Conclusions {#sec3}
===========

Over the past several decades, many novel therapies have targeted inflammatory pathways involved in ACS and atherosclerotic disease with the hope of improving outcomes post-ACS. Although many agents showed promising results in early animal models and preclinical studies, demonstrating reductions in levels of inflammatory markers and infarct size, these results failed to translate to therapeutic benefit when tested in large randomized clinical outcomes trials. There are many potential explanations for why these seemingly promising therapies failed in clinical testing, from incomplete understanding of the role of inflammation in CAD and ACS to imperfect animal models of disease and treatment. This does not mean that we should abandon investigation into modulation of inflammation to improve cardiovascular outcomes. Rather, these experiences should challenge us scientifically to more deeply understand the contribution of inflammation in ACS (correlate or mediator), while at the same time rethinking the animal model constructs we use in early drug development so that they as closely as possible mimic human clinical conditions.
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[^1]: ACS = acute coronary syndromes; AMI = acute myocardial infarction; APEX AMI = Assessment of Pexelizumab in Acute Myocardial Infarction; CABG = coronary artery bypass graft; CAD = coronary artery disease; CANTOS = Canakinumab Anti-Inflammatory Thrombosis Outcomes Study; CARDINAL = Complement And ReDuction of INfarct size after Angioplasty or Lytics; COMMA = COMplement inhibition in Myocardial infarction treated with Angioplasty; COMPLY = COMPlement inhibition in myocardial infarction treated with thromboLYtics; FRANCIS = Fewer Recurrent Acute Coronary Events With Near-Term Cardiovascular Inflammation Suppression; IL = interleukin; Lp-PLA~2~ = lipoprotein-associated phospholipase A~2~; MAPK = mitogen-activated protein kinase; MI = myocardial infarction; NSTEMI = non--ST-segment myocardial infarction; PRIMO-CABG = Pexelizumab for Reduction of Infarction and Mortality in Coronary Artery Bypass Graft Surgery; SOLID-TIMI 52 = Stabilization of pLaques usIng Darapladib-Thrombolysis In Myocardial Infarction 52; sPLA2 = secretory phospholipase A2; STABILITY = Stabilization of Atherosclerotic Plaque by Initiation of Darapladib Therapy; STEMI = ST-segment elevation myocardial infarction; VISTA-16 = Vascular Inflammation Suppression to Treat Acute Coronary Syndrome for 16 weeks.
